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Abstract

Herbivory and flooding influence plant species composition and diversity in many wetland ecosystems. Black willow (Salix nigra) natu-
rally occurs in floodplains and riparian zones of the southeastern United States. Cuttings from this species are used as a bioengineering tool for
streambank stabilization and habitat rehabilitation. The present study was conducted to evaluate the photosynthetic and growth responses of
black willow to simulated herbivory and flooding. Potted cuttings were subjected to three levels of single-event herbivory: no herbivory
(control), light herbivory, and heavy herbivory; and three levels of flooding conditions: no flooding (control), continuous flooding, and peri-
odic flooding. Results indicated that elevated stomatal conductance partially contributed to the increased net photosynthesis noted under both
levels of herbivory on day 30. However, chlorophyll content was not responsible for the observed compensatory photosynthesis. Cuttings
subjected to heavy herbivory accumulated the lowest biomass even though they had the highest height growth by the conclusion of the
experiment. In addition, a reduction in root/shoot ratio was noted for plants subjected to continuous flooding with no herbivory. However,
continuously flooded, lightly clipped plants allocated more resources to roots than shoots. This study provides evidence that it is feasible to use

black willow for habitat rehabilitation along highly eroded streambanks where both flooding and herbivory are present.

© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Herbivores can have demonstrable effect on plant popula-
tions. They affect plant fitness and population dynamics in
several ways: (1) directly, through biomass removal, (2) indi-
rectly, by altering competitive abilities in plant communities,
and (3) indirectly, by altering the environment that the plant
experiences (Mulder and Ruess, 1998; Begon et al., 1996).
Much studies have been done to identify the influence of her-
bivory on plant functioning and performance such as biom-
ass (Briggs, 1991), protein synthesis, plant growth regulator
and secondary compounds (Hodkinson and Hughes, 1982;
Edwards and Wratten, 1987), photosynthetic rates (War-
rington et al., 1989; Peterson et al., 1996; Oleksyn et al., 1998),
transpiration and nutrient uptake (Wallace and Macko, 1993),
allocation of resources to shoots and roots, flowering, seed
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production, seed survival, seedling and mature plant survival
and vegetative growth (Gibson, 2002). However, the results
of these studies are contradictory. A wide range of effects
have been reported including reports of herbivores having no
effect on their food plants, herbivores having negative impacts
on their food plants, and herbivores enhancing plant growth
and even plant fitness, i.e. overcompensation (Hjéltén et al.,
1993). It is also known that plant responses to herbivory vary,
depending on prevailing abiotic and biotic conditions. How-
ever, the results of the ability of plant to compensate for lost
tissues under different growth conditions are contradictory.
Some workers have found that plants are more likely to over-
compensate when water and nutrients are abundant (Belsky,
1987; Maschinski and Whitham, 1989), whereas others pre-
dicting that overcompensation tends to occur when plants are
under stress (Oesterheld and McNaughton, 1991).

Black willow (Salix nigra) is the largest and the only com-
mercially important willow among about 90 species native to
North America. It is a flood-tolerant species that naturally
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occurs in floodplains and riparian zones of the southeastern
United States (Mitsch and Gosselink, 1993). Black willow
cuttings are extensively used as a cost-effective bioengineer-
ing tool to provide soil stabilization, erosion control, and habi-
tat rehabilitation along highly eroded streambanks (Schaff et
al., 2002). However, beavers (Castor canadensis) are com-
monly found in these areas. Beavers modify drainage net-
work morphology and hydrology by cutting wood and build-
ing dams (Naiman et al., 1994). Willow (Salix sp.) is one of
the woody plant preferences by beavers (Denney, 1952). The
management of willow in grazed riparian ecosystems has
received considerable attention (Meiman, 1995). Little Topa-
shaw Creek (LTC), a fourth-order stream in the Yalobusha
River watershed in north central Mississippi, has suffered
accelerated channel erosion caused by poor watershed man-
agement practices and channelization. Black willow cuttings
have been planted to restore eroded riparian streambanks
(Martin et al., 2002). Our field observation revealed that most
black willow cutting showed evidence of various densities of
beaver herbivory.

In addition to herbivory effects, black willow cuttings are
subjected to dynamic hydrologic conditions on streambanks.
Depending on the slope and depth to base flow, plants may be
exposed to continuous flooding or periodic flooding. Soil
flooding initiates a chain of reactions leading to reduced soil
conditions (low soil Eh) (DeLaune and Pezeshki, 1991).
Reduced soil conditions may adversely affect plant physi-
ological functioning such as plant nutrition, water relations,
gas exchange and growth in many species (Pezeshki, 2001
and the references cited therein).

More studies have been conducted to investigate the
responses of grasses or crops to herbivory than for woody
plants. Meanwhile, little is known about the physiological
responses (e.g. photosynthesis) in riparian ecosystems where
plants are subjected to both reduced soil conditions and graz-
ing. The purpose of this study was to examine the photosyn-
thetic and growth responses of black willow cuttings to simu-
lated herbivory and flooding. The research questions asked
were: (1) Does flooding influence the response of black wil-
low to simulated herbivory or vice versa? (2) Does simulated
herbivory affect the photosynthesis and growth of black wil-
low? If so, what are the underlying mechanisms? and (3) How
does flooding affect the black willow functions?

2. Materials and methods

2.1. Plant materials

Black willow cuttings were collected from a small, local-
ized population on the Loosahatchie River in western Ten-
nessee, USA on May 24, 2002. Each cutting was ~0.65 cm in
diameter at the base and 30 cm in length. All existing branches
were removed from each cutting to conform to the common
planting practices.

2.2. Experimental procedures

Cuttings were planted on May 26, 2002 in a greenhouse.
Pots 20 cm high and 20 cm diameter were filled with two
parts sand and one part silt (v/v). Holes were drilled on the
side to allow control of soil moisture regime. One single cut-
ting was planted in each pot with 1/3 of the cutting below
ground and 2/3 above ground. The study was conducted in an
air-conditioned greenhouse with an average daily low tem-
perature of 27 °C and average daily high temperature of 40 °C.
The only light source in the greenhouse from the natural light
provided a daily photosynthetic photon flux density (PPFD)
that ranged between 500 and 700 umol m~2 s™" at the top of
the plant canopy during sunny days. Cuttings were fertilized
with 50 ml of 20-20-20 Peters Fertilizer mixed with tap water
at 1.25 g 1" and applied to pots on June 12, June 20, July 8,
July 16 and July 23. Plants were maintained well-watered
and well-drained conditions prior to the treatments. The mean
total biomass (root + shoot, excluding cutting) per plant was
4.55 g ( + 0.45) and mean height was 49.3 cm ( = 3.18) when
the treatments were initiated on August 7, 2002. Plants grew
under each treatment for 51 days after treatment initiation.
Measurements of soil redox potential (Eh), plant photosyn-
thetic and growth responses were made on days 8, 15, 30,
37 and 51.

Treatment consisted of three levels of flooding regimes:
no flooding (control, well-watered and well-drained, NF), con-
tinuous flooding (flood water maintained at depth of 5 cm
above the soil surface, CF), and periodic flooding (1 week of
flood water maintained a depth of 5 cm above the soil surface
followed by a week of well-watered and well-drained condi-
tion, PF). In addition, three levels of simulated herbivory were
imposed: no herbivory (control, unclipped, NH), light her-
bivory (1/3 of the height was clipped, LH), and heavy her-
bivory (2/3 of the height was clipped, HH). Ten potted cut-
tings were assigned randomly to each of nine treatment
combinations for a total of 90 pots.

2.3. Soil measurements

Six platinum-tipped electrodes were inserted in soil at
depth of 10 cm per flooding treatment (one electrode per pot).
Soil redox potential (Eh) was monitored using a Model 250A
ORION millivolt redox meter and a calomel reference elec-
trode (Thermo Orion, Beverly, MA, USA) on each sampling
day. An Eh value of + 350 mV represents the approximate
level at which oxygen begins to disappear from the soil
(DeLaune and Pezeshki, 1991). Soil Eh for control (NF)
remained above + 400 mV for the duration of the experiment
indicating oxic condition in well-drained treatment. Soil was
reduced in CF after 1 week of treatment and the level of soil
Eh was remained in mildly reduced range
(+322to + 195 mV). In PF, Eh cycled between mildly reduced
and oxic conditions in response to flooding and draining peri-
ods (Fig. 1).
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Fig. 1. Soil redox potential (Eh) recorded for no flooding (NF), continuous
flooding (CF) and periodic flooding (PF) treatments. The dashed line
at + 350 mV represents the approximate level at which oxygen begins to
disappear from the soil (DeLaune and Pezeshki, 1991). Each value is the
mean for six replications = 1 S.E. The arrows symbolize the initiation of
flooding and draining for PF treatment.

2.4. Photosynthetic responses

Measurements of net photosynthesis (P, umol m—= s™)
and stomatal conductance (g, mmol m> s71) were con-
ducted using a portable gas exchange analyzer (Model CIRAS
1, PP Systems, Haverville, MA, USA). On each sampling
day between the hours of 08:00 and 12:00, five cuttings from
each treatment were randomly chosen and the third or fourth
well-developed leaf of the tallest shoot was used to conduct
the measurements (one measurement per plant). Immedi-
ately after these measurements, leaf chlorophyll content (cci
units, the correspondence between cci units and chlorophyll
content (mg g~') R* = 0.72) was recorded on the same leaves
using a Model CCM-200 chlorophyll content meter (Opti-
Sciences, Tyngsboro, MA, USA).

2.5. Height growth and biomass

The height (cm) was measured immediately after the ini-
tiation of the treatment and at the conclusion of the experi-
ment for all study plants. Height growth was calculated as
the difference between the final height and initial height. Total
biomass production (i.e. shoot + root, g) and biomass alloca-
tion (i.e. root/shoot ratio) excluding the biomass removed by
simulated herbivory were recorded only at the end of the
experiment because it required destructive sampling. Each
plant was divided into shoot and root components. Plant com-
ponents were then dried at 70 °C to a constant weight and dry
weights were recorded. Root/shoot ratio was calculated as
the ratio of dry root weight to dry shoot weight.

2.6. Data analyses

The experiment followed a completely randomized design.
Three-way MANOVA (SPSS 11.5) with three levels of flood-

ing, three levels of simulated herbivory and five levels of sam-
pling date was used to test the differences in means for pho-
tosynthetic responses including net photosynthesis, stomatal
conductance and chlorophyll content. Two-way ANOVA
(SPSS 11.5) with flooding and simulated herbivory was used
to test the differences in means of height growth and biom-
ass. The Tukey procedure was used to examine all pair-wise
group differences. Differences were considered significant at
P <0.05.

3. Results
3.1. Photosynthetic responses

There was no significant interaction among flooding, simu-
lated herbivory and sampling date, between flooding and her-
bivory or between flooding and sampling date, but signifi-
cant interaction between herbivory and sampling date was
noted. Since flooding treatment was not involved in any sig-
nificant interaction, the main effect of flooding on photosyn-
thetic function was tested, and it was not significant (Table 1).
Simple main effects analysis was conducted for the interac-
tion of herbivory and sampling date. Photosynthetic responses
showed differences between three herbivory treatment groups
on all five sampling days (day 8: F4 gg) = 3.949, P = 0.002;
day 15: F(g, s50,=3.196, P =0.010; day 30: Fs 79, = 5.455,
P <0.001;day 37: F4 g9 =3.118, P = 0.009 and day 51: F 4
76) = 2.594, P =0.024) after one-way MANOVA was con-
ducted. The results of the pair-wise comparisons between each
pair of herbivory treatments on each sampling day indicated
that net photosynthesis was enhanced in both LH and HH
groups on day 30 when compared to NH group. Stomatal
conductance was significantly higher for heavily clipped
plants on all sampling days except day 51. The LH treatment
group exhibited greater stomatal conductance than NH group
on all dates except 8 and 37. There were no significant differ-
ences noted between HH and LH. In addition, leaf chloro-
phyll content was stimulated in the LH treatment compared
to NH on day 8. On days 8 and 37, it was higher in LH plants
than HH (Fig. 2 and Table 2).

3.2. Height growth and biomass

Simulated herbivory and flooding had no additive effect
on height growth and total biomass production. Again, flood-

Table 1

MANOVA table (F value, df and P value) for the simple effects and interac-
tions for net photosynthesis, stomatal conductance and chlorophyll content
on black willow cuttings in response to flooding and simulated herbivory on
five sampling days

Effect F df P

Flooding x herbivory 1.675 12,415.67 0.070
Flooding x day 1.065 24,455.95 0.381
Herbivory x day 1.640 24,455.95 0.030
Flooding x herbivory x day 1.303 48, 467.75 0.091
Herbivory 11.740 6,314.00 <0.001
Day 8.340 12, 415.67 <0.001
Flooding 0.380 6,314.00 0.683
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Fig. 2. Net photosynthesis (P,, umol m™2 s7'), stomatal conductance (g,
mmol m~ s™"), and chlorophyll content (cci units) for black willow cuttings
in three simulated herbivory treatments (no herbivory, NH; light herbivory,
LH; heavy herbivory, HH) across all flooding conditions on each sampling

day. Significant differences are shown across herbivory treatments using dif-
ferent letters. Each value is the mean for 15 replications + 1 S.E.

ing had no significant effect on these two growth measure-
ments. But differences existed between the three levels of her-
bivory. Height growth was 282.5% higher in HH group than
in NH (Fig. 3 and Table 3). However, total biomass that the
HH group accumulated was only 53.4% of NH at the conclu-
sion of the experiment (Fig. 4). There were no significant dif-
ferences in height growth or biomass accumulation between
LH and NH groups (Figs. 3 and 4).

There was an interaction between simulated herbivory and
flooding for root/shoot ratio (Table 3). A reduction in

root/shoot ratio was noted under CF as compared to the NF
when NH treatment was applied. Under LH condition, CF
plants responded with higher root/shoot ratio than PF plants
(Fig. 5). Roots and shoots responded to three herbivory con-
ditions under both NF and PF treatments in a similar manner
(Fig. 7), thus having no differences in root/shoot ratio (Fig. 6).
However, when the soil was continuously flooded, both light
and heavy herbivory treatment groups showed higher
root/shoot ratio than controls (Fig. 6). High root/shoot ratio
in HH plants was due to shoot biomass reduction by simu-
lated herbivory (Fig. 7). While under LH condition, high
root/shoot ratio resulted from shoot biomass removal and
more resource allocation to roots than shoots (Fig. 7).

4. Discussion

In the present study, photosynthetic rates were signifi-
cantly increased in plants under both simulated herbivory
treatments on day 30 (Fig. 2). Overcompensation has long
been considered to be an adaptive response that evolved as a
consequence of natural selection due to herbivory (Crawley,
1987). A greater photosynthetic rate of leaves on defoliated
plants than for comparable age leaves on undefoliated plants
is defined as compensatory photosynthesis (Nowak and Cald-
well, 1984).

Although compensatory photosynthesis has been observed
in many plant species (Wallace, 1990; Atkinson, 1986), much
less is known about the response mechanisms involved. For
example, ribulose-1, 5-bisphosphate carboxylase/oxygenase
(rubisco) activity or amount, chlorophyll content and leaf con-
ductance have been implicated compensatory photosynthe-
sis (Yamashita and Fujino, 1986; Nowak and Caldwell, 1984;
Heichel and Turner, 1983). Our results indicated that among
other factors, the enhanced stomatal conductance of clipped
plants on day 30 (Fig. 2) contributed to the compensatory
photosynthesis. However, leaf chlorophyll content was not
responsible for the increased photosynthesis (Fig. 2). In addi-
tion, net photosynthesis was increased slightly under both her-
bivory treatments as compared to control on days 15 and
37 even though the differences were not significant at P < 0.05
(Fig. 2). However, towards the end of the experiment, there
was no photosynthetic stimulation due to herbivory treat-
ments. The reason may be that black willow cuttings had accli-
mated to the shoot biomass removal.

Studies have demonstrated that herbivory intensity is an
important factor governing plant responses and performance
(Reich et al., 1993; Ellsworth et al., 1994). For example,
severely treated boreal willow (Salix myrsinifolia-phylicifolia)
showed a large increase in shoot numbers, while less dam-
aged plants produced fewer shoots (Elmqvist et al., 1987).
Even though we did not find significant differences in photo-
synthetic rates between LH and HH plants (Table 2 and Fig. 2),
the height growth and biomass production responded to HH
and LH treatments differently across flooding treatments. The
HH plants compensated for the lost shoot biomass with
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Table 2

Pair-wise comparison (F value, df and P value) between simulated herbivory treatments (no herbivory, NH; light herbivory, LH and heavy herbivory, HH) for
net photosynthesis (P,,), stomatal conductance (g,,) and chlorophyll content for black willow cuttings across all flooding conditions on each sampling day

Multivariate tests

Univariate tests

Day Pair af P, Sw Chlorophyll content
F df P F P F P F P
NH-LH 3.777 3,26 0.023 1,28 0.006 0.939 3.443 0.075 5.324 0.029
8 NH-HH 5.633 3,26 0.004 1,28 3.356 0.078 12.110 0.002 0.385 0.540
LH-HH 4411 3,26 0.012 1,28 3.642 0.067 3.174 0.086 7.488 0.011
NH-LH 6.789 3,23 0.002 1,25 3.861 0.061 11.679 0.002 0.428 0.519
15 NH-HH 4.888 3,14 0.016 1,16 1295 0.272 10.737 0.005 0.180 0.677
LH-HH 0.047 3,13 0.986
NH-LH 7.925 3,24 0.001 1,26 8.846 0.006 24.095 <0.001 0.062 0.086
30 NH-HH 3.696 3,23 <0.001 1,25 7.198 0.013 31.065 <0.001 1.574 0.221
LH-HH 1.979 3,21 0.148
NH-LH 1.766 3,26 0.178
37 NH-HH 3.514 3,26 0.029 1,28 0420 0.522 6.609 0.016 2.059 0.162
LH-HH 3.622 3,26 0.026 1,28 1.080 0.307 0.081 0.778 9.886 0.004
NH-LH 6.438 3,24 0.002 1,26 0.023 0.879 13.470 0.001 1.034 0.319
51 NH-HH 1.725 3,25 0.187
LH-HH 2.403 3,25 0.091

increased height growth (Fig. 3), which was the result of
enhanced photosynthetic rate on most of the measurement
days since the process of photosynthesis provides the energy
(carbohydrate) for plant growth and maintenance. But the
average plant final height at the end of the experiment was
the shortest in the HH group (data not shown) and the biom-
ass production of this group was also lower than that in the
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Fig. 3. Height growth for black willow cuttings in three simulated herbivory
treatments across all flooding conditions: no herbivory (NH), light herbi-
vory (LH) and heavy herbivory (HH). Significant differences are shown across
treatments using different letters. Each value is the mean for 30 replica-
tions = 1 S.E.

Table 3

other two groups (Fig. 4), suggesting that the HH plants did
not recover from the heavy herbivory effects for the duration
of our experiment. The reasons for this might be that woody
plants, including willow, have a lower ability to regenerate
lost tissue compared with short-lived, fast growing grasses
and herbs (Maschinski and Whitham, 1989). It has also been
reported that the capability to recover from herbivory depends
on when it occurs during the season (Maschinski and
Whitham, 1989). In this study the simulated herbivore event
occurred in the middle of the growing season, and the time
left for recovery was limited. Thus, a longer experimental
period might have allowed the HH plants to accumulate
greater amounts of biomass by the conclusion of the experi-
ment. In contrast, the height growth and the final total biom-
ass of LH plants were not significantly different from NH
plants, which indicated that light herbivory did not affect the
growth of black willow as heavy herbivory did. This result
confirmed that in studies of plant responses to herbivory, the
intensity of damage is of critical importance.

Besides the timing and intensity of the herbivory, fre-
quency is also very crucial (Jameson, 1963). Abbott et al.
(1993) concluded that more frequent defoliations of low inten-
sity reduce growth of Jarrah (Eucalypus marginata) more than
less frequent defoliation of higher intensity. In the field, bea-
vers may cut the black willow cuttings once or more over the
course of the growing season. However, the present study only
addressed a one-time simulated herbivory effect. The effect

ANOVA table (F value, df and P value) for the simple effects and interactions for height growth, total biomass and root/shoot ratio on black willow cuttings in

response to flooding and simulated herbivory

Source of variation af Height growth Total biomass Root/shoot ratio
F P F P F P
Flooding 2 0.578 0.564 1.386 0.262 6.10 0.005
Herbivory 2 38.72 <0.001 23.812 <0.001 3.96 0.028
Flooding x herbivory 4 0.75 0.560 1.19 0.332 2.90 0.036
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Fig. 4. Biomass production for black willow cuttings in three simulated her-
bivory treatments across all flooding conditions: no herbivory (NH), light
herbivory (LH) and heavy herbivory (HH). Significant differences are shown
across treatments using different letters. Each value is the mean for 30 repli-
cations + 1 S.E.

of frequent herbivory on this species needs additional inves-
tigation.

As far as the flooding effects on this species, our data did
not show any significant differences in photosynthetic
responses, height growth and biomass production among the
three soil moisture treatment groups. However, many studies
have suggested that decrease in photosynthetic rates and
growth is a common plant response to low soil Eh conditions
(Pezeshki, 2001 and the references cited therein). For ex-
ample, a decrease in soil Eh from + 540 to —225 mV reduced
net photosynthesis in nuttall oak (Quercus nuttallii) and bald-
cypress (Taxodium distichum) by 76% and 19%, respectively
(Pezeshki and Anderson, 1997). Photosynthesis, root growth
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and biomass in rice (Oryza sativa) were inhibited under low
soil Eh conditions (Kludze and DeLLaune, 1995). Our results
indicated that black willow is rather tolerant to flooding as
was demonstrated by its ability to withstand the mildly
reduced soil conditions at the physiological levels. This find-
ing is in agreement with the previous studies of responses of
black willow to moderately reducing soil conditions (Pezeshki
etal., 1998; Schaff et al., 2003). The highly reduced soil redox
condition has been reported to lead to decreased gas exchange
in this plant species (Pezeshki et al., 1998).

The present study demonstrated a significant interaction
between flooding and simulated herbivory with respect to
root/shoot ratio. When heavy herbivory was applied, both root
and shoot biomass responded to NF, CF and PF in a similar
manner, thus having no differences in root/shoot ratio (Fig. 5).
The CF plants allocated more resources to shoot than root as
compared to the NF when no herbivory was applied thus,
having the low root/shoot ratio (Fig. 5). It has been con-
firmed that plant root was more sensitive to reducing soil con-
ditions than shoot in many species (Kludze and DeLaune,
1994; Pezeshki, 1991). However, when 1/3 of the height was
clipped (LH), CF cuttings tended to accumulate more root
biomass than shoot biomass relative to those subjected to PF
(Fig. 5). Soil condition in PF condition shifted from anoxic
to oxic because of flooding and draining. Therefore, the plants
had the opportunity to recover root growth during the drained
periods. It has been reported that the aboveground herbivory
may lead to an increase in the root/shoot ratio due to removal
of aboveground structures and the stimulation of root growth
(Gibson, 2002). It seemed that black willow cuttings were
more sensitive to light herbivory than continuous flooding
with respect to the biomass partitioning. The results sug-
gested that the root growth of wetland plants is inhibited by
flooding. However, when beavers are present, a low level of
grazing could stimulate root growth.
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Fig. 7. Shoot and root biomass for black willow cuttings in three simulated herbivory treatments (no herbivory, NH; light herbivory, LH; heavy herbivory, HH)
under three flooding conditions (no flooding, NF; continuous flooding, CF; periodic flooding, PF). Significant differences are shown across herbivory treat-
ments under the same flooding condition using different letters. Each value is the mean for 10 replications + 1 S.E.

Another interesting finding of this study was that roots and
shoots responded to the simulated herbivory levels under both
NF and PF treatments in a similar manner (Fig. 7), maintain-
ing a relatively constant root/shoot ratio (Fig. 6). In contrast,
under CF condition, plants in both herbivory treatments had
higher root/shoot ratio than controls (Fig. 6). High root/shoot
ratio in HH plants was due to less shoot biomass after the
simulated herbivory (Fig. 7). Conversely, under LH condi-
tion, the results again suggested that CF plants allocated more
resources to root growth than to shoots (Fig. 7).

Previous research has indicated extreme soil moisture gov-
erns the survival and functioning of black willow cuttings
planted to restore riparian zones along degraded stream cor-
ridors (Schaff et al., 2003; Schaff et al., 2000; Pezeshki et al.,
1998). Herbivory, however, is another factor that plays an
important role in the success of the rehabilitation project. Our
results provide evidence that black willow is well adapted to
a reduced soil environment, albeit at the moderate levels of
reduction tested in this study, and can survive at stream res-
toration sites where both extensive, infrequent herbivory and
flooding are common occurrences.

Acknowledgements

The authors gratefully acknowledge the following col-
leagues for their assistance with data collection during the
course of conducting this experiment: Fugui Wang, Scott
Munsell, Maia Ferguson and Sterling Brodniak. Partial fund-
ing for this project was provided from USDA-ARS National
Sedimentation Laboratory, Cooperative Agreement No.
58-6408-1-098.

References

Abbott, 1., Heurck, P.V., Burbidge, T., 1993. Impact of frequency and
intensity of defoliation on growth of Jarrah (Eucalypus marginata): an
experimental study with saplings. For. Ecol. Manage. 56, 175-183.

Atkinson, C.J., 1986. The effect of clipping on net photosynthesis and dark
respiration rates of plants from an upland grassland, with reference to
carbon partitioning in Festuca ovina. Ann. Bot. (Lond.) 58, 61-72.

Begon, M., Mortimer, M., Thompson, D.J., 1996. In: Population Ecology: A
Unified Study of Animals and Plants. Blackwell Science, Malden, MA
(USA), pp. 126-131.



180 S. Li et al. / Acta Oecologica 28 (2005) 173-180

Belsky, A.J., 1987. The effects of grazing: confounding of ecosystem,
community, and organism scales. Am. Nat. 129, 777-783.

Briggs, M.A., 1991. Influence of herbivory and nutrient availability on
biomass, reproduction and chemical defenses of Lotus corniculatus L.
Funct. Ecol. 5, 780-786.

Crawley, M.J., 1987. Benevolent herbivores. Trends Ecol. Evol. 2, 167-168.

DeLaune, R.D., Pezeshki, S.R., 1991. Role of soil chemistry in vegetative
ecology of wetlands. Trends Soil Sci. 1, 101-113.

Denney, R.N., 1952. A summary of North American beaver management.
Colorado Fish Game Department Report 28, Colorado Division of Wild-
life, pp. 14.

Edwards, P.J., Wratten, S.D., 1987. Ecological significance and wound-
induced changes in plant chemistry. In: Labeyrie, V., Fabres, G.,
Lachaise, D. (Eds.), Insect—Plant, Proceedings of the Sixth International
Symposium in Insect-Plant Relationships (PAU 1986). Dr W. Junk
Publishes, Dordrecht, Germany, pp. 213-218.

Ellsworth, D.S., Tyree, M.T., Parker, B.L., Skinner, M., 1994. Photosynthe-
sis and water-use efficiency of sugar maple (Acer saccharum) in relation
to pear thrips defoliation. Tree Physiol. 14, 619-632.

Elmgqvist, T., Ericson, L., Danell, K., Salomonson, A., 1987. Flowering,
shoot production, and vole bark herbivory in a boreal willow. Ecology 68
(6), 1623-1629.

Gibson, D.J., 2002. In: Methods in Comparative Plant Population Ecology.
Oxford University Press, New York, pp. 138-139.

Heichel, G.H., Turner, N.C., 1983. CO, assimilation of primary and
regrowth foliage of red maple (Acer rubrum L.) and red oak (Quercus
rubra L.): response to defoliation. Oecologia 57, 14-19.

Hjiltén, J., Danell, K., Ericson, L., 1993. Effects of simulated herbivory and
intraspecific competition on the compensatory ability of birches. Ecol-
ogy 74 (4), 1136-1142.

Hodkinson, I.D., Hughes, M.K., 1982. Insect Herbivory. Chapman and Hall,
London, New York.

Jameson, D.A., 1963. Responses of individual plants to harvesting. Bot. Rev.
29, 532-594.

Kludze, H.K., DeLaune, R.D., 1994. Methane emission and growth of
Spartina patens in response to soil redox intensity. Soil Sci. Soc. Am. J.
58, 1838-1845.

Kludze, H.K., DeLaune, R.D., 1995. Straw application effects on methane
and oxygen exchange and growth in rice. Soil Sci. Soc. Am. J. 59,
824-830.

Martin, L.T., Pezeshki, S.R., Shields Jr., E.D., 2002. Improving success of
willow cuttings planted in damaged riparian zones: Little Topashaw
Creek Study. Proceedings of Annual Conference, American Water
Resources Association, November 3—7, 2002, Philadelphia, PA, AWRA,
Middleburg, VA, p. 238.

Maschinski, J., Whitham, T.G., 1989. The continuum of plant responses to
herbivory: the influence of plant association, nutrient availability, and
timing. Am. Nat. 134, 1-19.

Meiman, PJ., 1995. Effects of large ungulate herbivory on willow (Salix
spp.) in mountain rangelands of northern Wyoming. M.S. Thesis, Uni-
versity of Wyoming, Laramie.

Mitsch, W.J., Gosselink, J.G., 1993. Wetlands, second ed. Van Nostrand
Reinhold, New York.

Mulder, C.P.H., Ruess, R.W., 1998. Effects of herbivory on arrowgrass:
interactions between geese, neighboring plants, and abiotic factors. Ecol.
Monogr. 68 (2), 275-293.

Naiman, R.J., Pinay, G., Johnson, C.A., Pastor, J., 1994. Beaver influences
on the long-term biogeochemical characteristics of boreal forest drain-
age networks. Ecology 75 (4), 905-921.

Nowak, R.S., Caldwell, M.M., 1984. A test of compensatory photosynthesis
in the field: implications for herbivory tolerance. Oecologia 61, 311-
318.

Oesterheld, M., McNaughton, S.J., 1991. Effect of stress and time for
recovery on the amount of compensatory growth after grazing. Oecolo-
gia 85, 305-313.

Oleksyn, J., Karolewski, P., Giertych, M.J., Zytkowiak, R., Reich, P.B.,
Tjoelker, M.G., 1998. Primary and secondary host plants differ in leaf-
level photosynthetic response to herbivory: evidence from Alnus and
Betula grazed by the alder beetle, Agelastica alni. New Phytol. 140,
239-249.

Peterson, R.K.D., Higley, L.G., Spomer, S.M., 1996. Injury by Hyalophora
cecropia (Lepidoptera: Saturniidae) and photosynthetic responses of
apple and crabapple. Environ. Entomol. 25, 416-422.

Pezeshki, S.R., 1991. Root responses of flood-tolerant and flood-sensitive
tree species to soil redox conditions. Trees (Berl.) 5, 180-186.

Pezeshki, S.R., 2001. Wetland plant responses to soil flooding. Environ.
Exp. Bot. 46, 299-312.

Pezeshki, S.R., Anderson, P.H., 1997. Responses of three bottomland spe-
cies with different flood-tolerant capabilities to various flooding regimes.
Wetland Ecol. Manage. 4, 245-256.

Pezeshki, S.R., Anderson, P.H., Shields Jr., ED., 1998. Effects of soil
moisture regimes on growth and survival of black willow (Salix nigra)
posts (cuttings). Wetlands 18 (3), 460—470.

Reich, P.B., Walters, M.B., Krause, S.C., Vanderklein, D.W., Raffa, K.F,,
Tabone, T., 1993. Growth, nutrition and gas exchange of Pinus resinosa
following artificial defoliation. Trees (Berl.) 7, 67-77.

Schaff, S.D., Pezeshki, S.R., Shields Jr., ED., 2003. Effects of soil condi-
tions on survival and growth of black willow cuttings. Environ. Manage.
31, 748-763.

Schaff, S.D., Pezeshki, S.R., Shields Jr., ED., 2002. Effects of pre-planting
soaking growth and survival of black willow cuttings. Restor. Ecol. 10,
267-274.

Schaff, S.D., Pezeshki, S.R., Shields Jr., ED., 2000. Soils influence survival
and growth of willow posts at streambank restoration project
(Mississippi). Ecol. Restor. 18 (1), 56-57.

Wallace, L.L., Macko, S.A., 1993. Nutrient acquisition by clipped plants as
a measure of competitive success; the effect of compensation. Funct.
Ecol. 7, 326-331.

Wallace, L.L., 1990. Comparative photosynthetic responses of big bluestem
to clipping versus grazing. J. Range Manage. 43, 58-61.

Warrington, S., Cottam, D.A., Whittaker, J.B., 1989. Effects of insect dam-
age on photosynthesis, transpiration and SO, uptake by sycamore. Oeco-
logia 80, 136-139.

Yamashita, T., Fujino, A., 1986. Effects of pruning of young and old shoots
on ribulose bisphosphate carboxylase and other constituents in leaves of
the Mulberry tree (Morus alba L.). J. Exp. Bot. 37 (185), 1836-1841.



	Responses of black willow (Salix nigra) cuttings to simulated herbivory and flooding
	Introduction
	Materials and methods
	Plant materials
	Experimental procedures
	Soil measurements
	Photosynthetic responses
	Height growth and biomass
	Data analyses

	Results
	Photosynthetic responses
	Height growth and biomass

	Discussion

	Acknowledgements
	References

